N-Hydroxylation and mutagenic activation of heterocyclic aromatic amines from protein pyrolysis products were studied in rat liver microsomes and nuclei, rat hepatocytes and various species of purified cytochrome P450. These mutagenic amines include Trp-P-2 (3-amino-1-methyl-5H-pyrido [4,3-b]indole), indole), Glu-P-1 (2-amino-6-meth-
sis products were studied in rat liver microsomes and nuclei, rat hepatocytes and various species of purified cytochrome P450. These mutagenic amines include Trp-P-2 (3-amino-1-methyl-5H-pyrido [4,3-b] indole), Trp-P-1 (3-amino-1,4-dimethyl-5H-pyrido [4,3-b] indole), Glu-P-1 (2-amino-6-methyldipyrido-[1,2-a:3',2'Aimidazole), Glu-P-2 (2-amino-dipyrido[1,2-a:-3',2'-d]imidazole) and IQ (2- amino-3-methyl-3H-imidazo- [4,5-t1quinoline) .
The number of revertants of Sabnonella typhimurium TA 98 was always correlated to the amount of each of the N-hydroxylated metabolites in various experimental conditions. The N-hydroxylated amines covalently bound to DNA directly or after being acylated with amino acids by aminoacyl-tRNA synthetase. Various species of cytochrome P450 preparations showed markedly different activity in N-hydroxylation and mutagenic activation of Trp-P-2, Glu-P-1 and IQ. A high spin form of cytochrome P450, isolated from the liver of PCB-treated rats, showed very high activity in N-hydroxylation of Trp-P-2, Glu-P-1 and 2-aminofluorene, although its activity was very low in benzo(a)pyrene hydroxylation. The present results indicate that different species of cytochrome P-450 are involved in the N-hydroxylation and mutagenic activation of aromatic amines.
Numerous N-substituted aryl compounds are reported to be carcinogens and mutagens in experimental animals and man. The N-hydroxylations of arylamines and arylamides are considered as common pathways for the metabolic activations to ultimate carcinogens. The metabolic activations in various tissues are mainly catalyzed by microsomal cytochrome P-450, but N-hydroxylations of some amines also catalyzed by a microsomal flavin enzyme (mixed-function amine oxidase).
The substrate specificities of these microsomal monooxygenases have not been precisely defined, but in general, as suggested by Gorrod (1), basic amines are preferred substrates for the amine oxidase and the less basic amines are preferred substrates for the cytochrome P-450 system. However, there are many exceptions and the substrate specificities for these two microsomal monooxygenases based on pKa are only a very approximate guide.
Subsequently, the chemical structures of these mutagens were elucidated to be new heterocyclic aromatic amines ( Fig. 1) (2, 3) . Thereafter, some of them have been proven to be carcinogenic to mice and rats (4, 5) . N-Hydroxylations by hepatic cytochrome P450 systems have been demonstrated as metabolic activation processes of these amines (6, 7) . We report herein the characteristics of N-hydroxylations of these heterocyclic aromatic amines by comparison with those of other aromatic amines. Subsequently, we demonstrated that the reconstituted system of purified cytochrome P-450 converted Trp-P-1 and Trp-P-2 to mutagenic metabolites. The P448 type cytochrome isolated from MCor PCB-treated rats (MC P448 or PCB P-448) was more active in inducing the Salmonella revertants than was the P-450-type cytochrome isolated from phenobarbital-treated rats ( Fig. 2) (9) . The formation of N-hydroxylated metabolites of Trp-P-1, Trp-P-2, Glu-P-1 and Glu-P-2 as mutagenic activation process was confirmed: the number of revertants was always parallel to the formation of N-hydroxylated metabolites (Table 2) . (10) . The amount of radioactivity bound to DNA was the highest when PCB P-448 was used and the lowest when PB P-450 was used (Fig. 3) . The amount of radioactivity bound to DNA was closely correlated with that of N-hydroxy-Trp-P-2 formed (10). These results suggest that N-hydroxy-Trp-P-2 formed by the cytochromes can bind to DNA of the Salmonella, thereby causing mutation. Table 3 ). The capacity of hepatocytes to cause the binding to RNA, DNA and protein was markedly induced by pretreatment with PCB, but only slightly with phenobarbital. The amounts of binding were clearly decreased when hepatocytes were incubated in the presence of cysteine. 
Species Difference in N-Hydroxylation of Trp-P-2
Rat liver microsomes showed very weak activity in N-hydroxylating Trp-P-2, whereas hamster and guinea pig liver microsomes were very active (Table  4) (14) . However, pretreatment with PCB resulted in Revertants per 10jg protein FIGURE 4. Relationship between the formation of N-hydroxyTrp-P-2 and the number of revertants. Rates of formation of N-hydroxy-Trp-P-2 and the number of revertants induced by liver microsomes from rats, mice, hamsters, guinea pigs and rabbits were plotted on the same logarithmic scales (13, 14) . levels observed in hamsters and rats, respectively. Analyzing the data obtained with MC-responsive and nonresponsive mice, we previously suggested that Trp-P-2 N-hydroxylase is the same enzyme as, or is closely related to, benzo(a)pyrene hydroxylase. However, we showed here that both enzymes are clearly different in rabbits, since Trp-P-2 hydroxylase, but not benzo(a)pyrene hydroxylase, was enhanced 14-fold by PCB treatment.
Comparison of N*Hydroxylation of Aromatic Amines by Various Species of Purified Cytochrome P-450
Recently we purified a high-spin form of cytochrome P-450, having a peak at 447.1 nm in reduced-CO difference spectrum, from liver microsomes of rats treated with PCB (PCB P-448 IIa) (16) . PCB P-448 II-a showed a high activity in N-hydroxylating Trp-P-2. Therefore, we made a comparison of N-hydroxylation activities of various species of purified cytochrome P-450 with mutagenic aromatic amines.
The specific contents of the purified cytochromes were 11-15 nmole/mg protein; detailed procedures for purification will be published elsewhere. Benzo-(a)pyrene hydroxylation activities of cytochrome P-450 preparations are given in Table 5 . PCB P448 IIa showed very low activity of benzo(a)pyrene hydroxylation, but it was very active in N-hydroxylating Glu-P-1. The ratios of PCB P448 II-a to PCB P-448 II-d in the hydroxylation of benzo(a)pyrene, Trp-P-2 and Glu-P-1 were 0.016, 3.00 and 18.3, respectively. PCB P448 IH-a also showed high activity in N-hydroxylating 2-aminofluorene and 4-aminobiphenyl.
Moreover, rabbit PB P448 showed very low activity in benzo(a)pyrene hydroxylation (C. Hashimoto-Yutsudo, Y. Imai, and R. Sato, personal communication), but it was very active in N-hydroxylating Trp-P-2 and Glu-P-1. These results suggest that the high-spin form of cytochrome P450 has high activity in N-hydroxylating aromatic amines.
The capabilities of various species of cytochromes P450 to convert aromatic amines to direct mutagens are shown in Table 6 . Concerning Trp-P-2 and Glu-P-1, the number of revertants induced by the purified cytochromes closely correlated with N-hydroxylation activities.
PCB P-448 II-a and rabbit PB P-448 showed high activities in converting IQ to a direct mutagen. The ratios in the capabilities of PCB P448 11-a to PCB P-448 II-d to convert Glu-P-1, IQ and Trp-P-2 to direct mutagens were 73.6, 11.9 and 2.5, respectively.
Effect of N-Acetylation on Mutagenic Activation of Aromatic Amines
Aromatic arylamides are N-hydroxylated by hepatic microsomes and converted to mutagens which Table 5 . Activities of Trp-P-2 and Glu-P-1 N-hydroxylases and benzo(a)pyrene hydroxylase of several cytochrome P-450 preparations.
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Glu-P-1
Benzo(a)pyrene showed direct mutagenesis to the Salmonella. As shown in Table 7 , the mutagenic activations of Trp-P-2 and AF by various species of cytochrome P-450 were decreased by N-acetylation. The activity Table 7 . Effect of acetylation of arylamines on the mutagenic activation by purified cytochrome P-450 preparations.
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Trp-P-2 Trp-P-2-Ac 2-AF 2-AAF Rat (PCB) profiles of various species of cytochrome P-450 for the aromatic amines and amides were similar. These results suggest that similar species of cytochrome P450 may be involved in the N-hydroxylation of both aromatic amines and amides.
Our preliminary results indicate that the low mutagenic activities of N-acetyl-Trp-P-2 and N-acetyl-AF in the presence of various species of cytochrome P450 may be accounted for by the low mutagenic activities of N-hydroxylated metabolites rather than the low formation of these metabolites.
